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ABSTRACT 
 
We determine the nature of coupled phonons and magnetic excitations in AlFeO3 using inelastic light 
scattering from 5 K to 315 K covering a spectral range from 100-2200 cm-1 and complementary first-
principles density functional theory-based calculations. A strong spin-phonon coupling and magnetic 
ordering induced phonon renormalization are evident in (a) anomalous temperature dependence of 
many modes with frequencies below 850 cm-1, particularly near the magnetic transition temperature Tc 
~ 250 K, (b) distinct changes in band positions of high frequency Raman bands between 1100-1800  
cm-1, in particular a broad mode near 1250 cm-1 appears only below Tc attributed to the two-magnon 
Raman scattering. We also observe weak anomalies in the mode frequencies at ~ 100 K, due to a 
magnetically driven ferroelectric phase transition. Understanding of these experimental observations 
has been possible on the basis of first-principles calculations of phonons spectrum and their coupling 
with spins.   
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1. INTRODUCTION 
 
Materials that exhibit co-occurrence of both magnetic and ferroelectric order parameters have 
generated enormous interest in recent years because of fundamental issues related to the coupling 
between spin, orbital, charge and lattice degrees of freedom as well as for their potential applications 
[1-5]. For applications, it is desirable to have materials with magneto-electric properties around room 
temperature, which is often not realized in many magneto-electric materials in which magnetic ordering 
is the primary driving force. In this context, AlFeO3 exhibiting ferrimagnetism and possible magneto-
electric coupling is very promising with a paramagnetic to ferrimagnetic transition temperature Tc ~ 
250 K [6-7]. Another attractive feature is its environment friendly nature as compared to other lead 
based multiferroics.  
In AlFeO3, cations occupy four distinct crystallographic sites: cations Fe1, Fe2 and Al2 are octahedrally 
coordinated by oxygen whereas Al1 is tetrahedrally coordinated. Structural analysis of AlFeO3 [7] 
shows significant distortion of the FeO6 octahedra, while oxygen tetrahedron around Al1 is quite 
regular. The cause for the local deformation of lattice has been attributed to the difference between 
octahedral radii of Fe3+ and Al3+ ions and the disorder in the occupation of octahedral cation sites. 
Vibrational properties, which bear signatures of structure and magnetic order, are central to magneto-
electric behavior of many multiferroics. In particular, Raman spectroscopy has proved to be a powerful 
probe to investigate magnetic-ordering induced phonon renormalization where the observed phonon 
anomalies below the magnetic transition temperature have been associated with the strong spin-phonon 
coupling [8-11].  
There is no report so far of a Raman study of AlFeO3. However, on a related system GaFeO3 first-order 
Raman modes are reported [12-13] and the observed modes show anomalous temperature dependence 
near Tc (~ 210 K) attributed to the spin-phonon interactions. In this paper, we report a detailed 
temperature-dependent Raman study of AlFeO3 (Tc ~ 250 K) with a goal to understand the phonon 
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renormalization due to spin-phonon coupling in magnetically ordered state below Tc. We have also 
looked for phonon signatures of a ferroelectric transition at ~ 100 K arising from magnetic interactions 
[14].  Our study covers first-order as well as high frequency second-order and two-magnon Raman 
scattering. Taking inputs from first-principles density functional theory based calculations of phonons 
in different magnetically ordered AlFeO3, our temperature dependent Raman study reveals strong 
phonon renormalization below Tc, and that its origin is in the strong spin-phonon coupling and a 
coupling between two-phonon modes and magnetic excitation.  
2. METHODS 
2.1 Experimental Details 
Polycrystalline samples of AlFeO3 were prepared and characterized as described in reference [15]. 
Unpolarised micro-Raman measurements were performed on polycrystalline pellet of AlFeO3 in 
backscattering geometry using 514.5 nm line of an Ar-ion Laser (Coherent Innova 300) and Raman 
spectrometer (DILOR XY) coupled to a liquid nitrogen cooled CCD detector. Temperature variation 
was done from 5 K to 315 K, with a temperature accuracy of ± 0.1K using continuous flow He cryostat 
(Oxford Instrument).  
2.2 Computational Details 
Our first-principles calculations are based on density functional theory (DFT) with spin-density 
dependent exchange correlation energy functional of a generalized gradient approximated (GGA) 
(PerdewWang 91 (PW 91)) form [16] as implemented in the Vienna ab initio Simulation Package 
(VASP) [17-18]. The projector augmented wave (PAW) method [19] was used to capture interaction 
between ionic cores and valence electrons. An energy cutoff of 400 eV was used for the plane wave 
basis and integrations over the Brillouin zone of the orthorhombic crystal were sampled with a regular 
4x2x2 mesh of k-points.  Dyanmical matrix and phonons at Γ-point ( q = 0,0,0 ) have been obtained 
with a frozen-phonon method with atomic displacements of ±  0.04 Å. Numerical errors in our 
calculations break the symmetry of the dynamical matrix weakly and introduce an error of about ±  12 
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cm-1  in the phonon frequencies. 
 
3. RESULTS AND DISCUSSIONS  
3.1. Raman Scattering from Phonons 
AlFeO3 has a layered structured belonging to the orthorhombic Pna21 space group containing eight 
formula units i.e. 40 atoms in a unit cell, resulting in 120 normal modes, namely 
FeΓ = 6A1 + 6A2 + 
6B1 + 6B2, 
AlΓ  = 6A1 + 6A2 + 6B1 + 6B2 and oΓ = 18A1 + 18A2 + 18B1 + 18B2 [12]. Since the 
inversion symmetry is lacking, Raman modes are also infrared active. There are 117 Raman modes, 
while A1 + B1 + B2 are acoustic modes. Figure 1 shows the Raman spectrum at 5 K, revealing 18 
modes labeled as S1 to S18 in the spectral range of 100-2200 cm-1. Spectra are fitted with a sum of 
Lorentzian functions; the individual modes shown by thin lines and the resultant fit by a thick line. Our 
first principles density functional calculations (discussed later) suggest that the first-order Raman 
phonons occur below ~ 810 cm-1. Table-I lists the experimental (at 5 K) and the calculated frequencies 
for disordered Anti-Ferromagnetic (AFM) state close to the experimental values are listed. Since the 
intensity of the mode S15 is zero above Tc, it is attributed to the two-magnon Raman scattering (to be 
discussed later). The modes S16 to S18 are assigned to second-order Raman scattering coupled with 
magnetic degrees of freedom. 
3.2. Temperature Dependence of the First-Order Phonons 
Figure 2 shows the mode frequencies of some of the prominent first-order phonon modes S4, S7 to 
S10, S13 and S14 as a function of temperature. The following observations can be made: (i) The 
frequencies of S4, S7, S8, S9, S10 and S13 modes show a sharp change at Tc. The temperature 
derivative of modes S4 and S10 frequencies ( / Tω∂ ∂ ) change sign at Tc. The frequency of mode S13 
shows a jump by ~ 4 cm-1 near Tc. (ii) The slope of ω  with respect to temperature for the S4, S8, S9, 
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S10 and S14 modes show changes near 100 K. We attribute these changes to a ferroelectric transition in 
this system at ~ 100 K, as the pyroelectric experiments showed [14] that a polar phase exits below ~ 
100 K and the reversal of polarization data with changing direction of electric field during pyroelectric 
current measurement demonstrates that the material is indeed a ferroelectric. The solid lines in panels 
are linear fits in three regions i.e. 315 K to 250 K, 250 K to 100 K and 100 K to 5 K. (iii) The 
temperature dependence of the mode S8 is anomalous below Tc i.e frequency decreases on lowering the 
temperature.   
The anomalies in the temperature dependence of the phonon modes S4, S7, S8, S9 and S10 near Tc are 
similar to those in RMnO3 ( R = Pr, Nd, Sm, Tb, Dy, La ), GaFeO3 and BiFeO3 [8, 10-13, 20-23]. The 
sharp change in the frequency of the mode S13 at Tc can arise from subtle local structural change. 
Following manganites [8, 10-13, 20-23] and our theoretical calculations, the sharp changes in mode 
frequencies of S4, S7, S8, S9 and S10 are attributed to strong spin-phonon coupling in the magnetic 
phase below Tc. 
3.3. High Frequency Modes: Second-Order Phonon and Magnon Scattering 
Two-phonon Raman bands are related to two-phonon density of states having contribution from all the 
branches in the first Brillouin zone. For simplicity, we have fitted the high energy Raman band (1100 - 
1800 cm-1) with a sum of four Lorentzain (S15 to S18) where peak positions represent maxima in the 
two-phonon density of states. As the second-order Raman scattering involves the phonons over the 
entire Brillouin zone, the frequencies of the observed second-order phonons are not necessarily double 
of the first-order phonons at the Γ(q = 0,0,0) point. Accordingly, mode S17 can be assigned as a 
combination of S13 and S14 and mode S16 as overtone of mode S13 and mode S18 as overtone of 
mode S14.  
Figure 3(a and b) shows the high frequency modes at few typical temperatures. It can be seen that the 
mode S15 is absent in the spectrum recorded at 265 K and above. Figure 3(d) shows the integrated 
intensity of the S15 mode with respect to its intensity at 250 K. Taking S13 mode as an internal marker, 
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Fig. 3(c) shows the intensity of S15 mode with respect to that of S13 mode. The intensity of the mode 
S15 is zero above Tc and its intensity builds up as we lower the temperature. The vanishing of the S15 
mode above 250 K suggests that it can be associated with two-magnon Raman scattering. From the 
energy of the two-magnon band, an estimate of the nearest neighbour exchange coupling parameter Jo 
can be made. If  spins deviations are created on the adjacent sites, the two-magnon energy is given by 
Jo(2Sz-1) where S is the spin on the magnetic site ( Fe3+ here with S = 5/2 ) and z  ( z = 6) is the number 
of nearest neighbour to that site [24]. Using ω  = 1240 cm-1 (at 5 K), the estimated value of the 
exchange parameter Jo is ~ 5.3 meV. We note that this value is very close to our first principle 
calculations of Jo ~ 6 meV (discussed later). As temperature is lowered below Tc, the S15 mode 
frequency decreases significantly (~ 5 %) (see Fig.4e). The frequencies of modes S16, S17 and S18 
show a change in / Tω∂ ∂  near the transition temperature ( see Figs.4b, 4c and 4d ) attributed to the 
possible coupling between two-phonon and magnetic excitations similar to that in other magnetic 
systems [8, 11, 20-30].  
To ascertain the second-order nature of high frequency bands S16, S17 and S18, we plot in Fig.4(a) the 
sum of their intensities with respect to the intensity of the dominant first-order S13 mode. The second-
order Raman intensity for a combination mode of frequency 
1 2( )ω ω+  is 1 2[ ( ) 1][ ( ) 1]n nω ω+ + , 
where ( )n ω   is  the Bose–Einstein mean occupation number. The ratio of the second-order band with 
respect to the first-order mode of frequency 
1ω
 will be 
2[ ( ) 1]c n ω +  , where C is the ratio depending on 
the matrix elements in second-order and first-order Raman scattering. The solid line in Fig.4(a) is 
11.5*[ ( 740 ) 1]n cmω −= +  showing that the broad band ( decomposed into S16, S17 and S18 modes) 
is due to second-order Raman scattering. We now develop theoretical understanding of our results. 
3.4. First-principles Calculations 
It is known [7] that AlFeO3 has a site occupancy disorder between Fe and Al sites, with most common 
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occurrence of anti-site disorder being between Fe2 and Al2 sites [7]. This disorder is taken into account 
by exchanging the site positions of an Fe atom at Fe2 site with an Al atom at Al2 site. We have also 
considered the anti-site disorder between Fe1 and Al2 sites. From the energetics, we find that the AFM 
state is the most stable for system with either type of anti-site disorder between Fe and Al. The AFM 
state with Fe1-Al2 anti-site disorder is higher in energy as compared to the AFM state with Fe2-Al2 anti-
site disorder by 5.7 meV/atom, confirming the higher occurrence of Fe2-Al2 anti-site disorder. To 
facilitate a meaningful comparison with experimental Raman spectra, we simulate the structure with 
experimental lattice constants and relaxing internally the atomic positions using conjugate gradients 
algorithm. 
To understand the interplay between disorder, magnetic ordering and phonons, we determine phonons 
at Γ-point for a chemically disordered structure with non-magnetic (NM), FM and AFM ordering (see 
Fig. 5). The spin-phonon coupling is analysed by examining how normal modes depend on the 
magnetic ordering by examining the correlation matrix between phonon eigenmodes of AlFeO3 in two 
different magnetically ordered states. In the absence of spin-phonon coupling, the phonons would be 
unaffected by changes in the magnetic order and hence only the diagonal terms would be non-zero in 
the correlation matrix. Non-zero off-diagonal elements of the correlation matrix clearly uncover the 
correspondence between eigenmodes in different magnetic orders. For example, it determines which 
phonon modes of the AFM state relate to phonons of the FM state, giving a quantitative idea of mixing 
between modes due to spin-phonon coupling.  
  The spin-Hamiltonian has the form: 
1
.
2 ij i jij
H J S S= ∑
 
                                                                                            (1) 
where, Jij is the exchange interaction between ith and jth ising spins Si and Sj.. Only considering the 
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nearest neighbour and isotropic interaction, we reduce Jij to J. The change in J due to spin phonon 
coupling is given by second-order Taylor series expansion of J w.r.t amplitude of atomic displacements 
( )vu Γ  of the ν
th
 Γ- phonon mode of the magnetic state [20], 
21( ) ( ) ( )
2v o v u v u v
J u J u J u J uΓ Γ Γ Γ= + ∇ + ∇
  
                                          (2)  
Summing over all modes gives 
21 1[ ( ) ( ) ].
2 2o v u v u v i jv ij
H J u J u J u S SΓ Γ Γ= + ∇ + ∇∑ ∑
 
  
                (3) 
Here, Jo is the bare spin-spin coupling parameter, u J∇  corresponds to the force exerted on the system 
due to change in magnetic ordering from its ground state magnetic configuration and 2u J∇  is 
proportional to the change in phonon frequency ( )∆  of  νth Γ- phonon mode due to change in magnetic 
ordering. From the spin-Hamiltonian (Eq. 1), energies of a single pair of spins in AFM and FM states 
are given by, EAFM = - Jo |S|2 and EFM = Jo |S|2 respectively. The difference in the energies of AFM 
and FM states is directly proportional to Jo. The unit cell of AlFeO3 used in our simulation contains 8 
Fe ions where, the ith Fe ion is connected to zi number of other Fe ions. This gives, Jo= (EFM- EAFM)/   
2( *8* )i iz S∑  here, S = 5/2 and EFM- EAFM ~ 1.5 eV from first principles calculations. Our 
estimate of the exchange coupling parameter Jo is ~ 6 meV. This value is in good agreement with the 
one estimated from the two-magnon peak observed in Raman spectrum here. Denoting 2uv J∇  as J2, the 
change in phonon frequency ( )∆  of the λth Γ- point phonon mode is given by [20] 
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2
1
ˆ ˆ
2 v vv
u J uλ
λ λµ ω
Γ Γ∆ = ∑
 
                                                                           (4) 
Here, 
λµ  and λω  are the reduced mass and frequency of the 
thλ  Γ-phonon mode, respectively. We note 
large ∆ implies stronger spin-coupling 
The calculations are done for both types of disorder: Fe2 at Al2 site (Fe2-Al2) as well as Fe1 at Al2 site 
(Fe1-Al2). For Fe2-Al2 type disorder Figures 6(a) and 6(b) show the changes in Γ- point phonon 
frequency  ( )∆  between FM and AFM, and NM and AFM states, respectively. The corresponding 
changes for Fe1-Al2 disorder are shown in fig. 6(c) and (d). 
For connecting our results with experiment, we have listed only those calculated phonon frequencies 
which are close in frequency to the experimentally observed Raman active phonon modes (refer to 
Table-I). We assume the correlation between the experimentally observed modes which exhibit 
anomalies at magnetic transition and calculated spin-phonon coupling for modes with frequencies in 
the vicinity of the observed modes, and carry out the mode assignment. In the case of Fe2-Al2 anti-site 
disorder, Figure 6(a) and (b), corresponding to correlation between phonons of FM/NM state with AFM 
state, ∆ and hence J2 is high for mode frequencies in the neighbourhood of close to modes S1, S4 and 
S10 for FM-AFM coupling (see Fig 6a) and modes S4, S8, S11 and S12 (see Fig. 6b) for NM-AFM 
coupling. We note that J2 for NM-AFM state coupling is not exactly spin-phonon coupling parameter 
as in the case of FM-AFM state coupling, but here it gives an estimate of the change in phonon 
frequencies in going from NM state to AFM ordering. In Fig.2 modes S4, S7, S8 and S10 show sharp 
changes in frequency at the transition temperature Tc suggesting their strong coupling with spin 
consistent with our first-principles calculations.  Another interesting observation from Fig. 6(b) is that 
the mode with frequency near S8 shows the largest increase in frequency in going from AFM to the 
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NM state consistent with our experimental observation of most significant hardening of mode S8 with 
increase in temperature of the AFM state.  
We now discuss the effect of Fe1-Al2 anti-site disorder, Figs. 6(c) and (d) correspond to changes in 
frequencies of phonons of FM and NM state correlating with those of the AFM state, respectively. With 
change in magnetic ordering from FM to AFM state, modes near S10 and S11 (see Fig. 6c) exhibit 
strong second order coupling with spin. In comparison, modes close to S4 and S5 (see Fig. 6d) show 
large second-order coupling for the transition from NM to AFM state. Mode S4 was observed in our 
Raman measurements to exhibit a significant hardening across the transition from AFM to the NM 
state, consistent with our calculated results.  
Our first-principles analysis confirms the existence of strong spin-phonon coupling in AlFeO3, and 
points out that the anomaly in mode S8 is primarily influences by Fe2-Al2 disorder, while the anomaly 
in S4 mode is influenced by Fe1-Al2 disorder additionally. Anomalous hardening of the S8 mode is due 
to strong spin-phonon coupling at the second-order (J2 ) in AlFeO3.   
4. CONCLUSIONS 
In conclusion, we observed a strong first-order phonon renormalization below the magnetic transition 
temperature of AlFeO3 due to strong spin-phonon coupling. In addition, high frequency Raman bands 
between 1100 to 1800 cm-1 show pronounced effects of the strong magnetic correlation below Tc. In 
particular, the intensity of mode S15 becomes zero above the transition temperature Tc and hence the 
mode is attributed to two-magnon Raman scattering. The band position gives an estimate of spin 
exchange constant J0 to be ~ 5.3 meV, in close agreement with the DFT calculations. With first-
principles analysis we have explored the effects of magnetic ordering and (Al, Fe) disorder on phonons. 
Our results suggest a strong interplay between lattice and magnetic degrees of freedom which are 
crucial to understand the underlying physics responsible for the various exotic physical phenomena in 
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these materials. What is equally noteworthy is that our Raman data show evidence for a phase 
transition to a ferroelectric phase below 100 K. 
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Table-I:  List of the experimental observed frequencies at 5 K and calculated frequencies in AlFeO3 for 
disordered AFM (Fe2-Al2 anti-site disorder) state.  
 
Mode Assignment    Experimental ω (cm-1)                   Calculated ω (cm-1)                                                                                         
S1                                      156                                     154  
S2                                      178                                     179  
S3                                      198                                     197 
S4                                      268                                     270  
S5                                      328                                    331  
S6                                      380                                    379 
S7                                      425                                    425  
S8                                      453                                    453 
S9                                      498                                    499 
S10                                    587                                    581  
S11                                    650                                    654 
S12                                    698                                    691 
S13                                   738                                     733         
S14                                   826                                     807 
S15  (Two-magnon)        1240 
S16  (Overtone)               1450 
S17  (Second-order)        1560 
S18  (Overtone)              1660 
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FIGURE CAPTION 
 
FIG. 1. (Color online) Unpolarised Raman spectra of AlFeO3 at 5 K. Solid (thin) lines are fit of 
individual modes and solid (thick) line shows the total fit to the experimental data.  
 
FIG. 2. (Color online) Temperature dependence of the first-order phonon modes S4, S7, S8, S9, S10, 
S13 and S14. Solid lines are the linear fits in three different temperature region as described in the text. 
 
FIG. 3. (Color online) (a and b) The temperature evolution of mode S15 at few typical temperatures. (c) 
Intensity ratio of S15 mode w.r.t to prominent first-order S13 mode. Solid line is the linear fit. (d) 
Temperature-dependence of the intensity of mode S15 w.r.t to its intensity at 250 K.  
 
FIG 4. (Color online) (a) Intensity ratio of the high frequency band w.r.t to the prominent first-order 
mode. Solid line is the fitted curve as described in the text. (b,c,d and e) Temperature dependence of the 
mode S15, S16, S17 and S18. Solid lines are linear fits below and above Tc.  
 
FIG. 5. (Color online) Distribution of phonons at Γ- point for AFM, FM and NM orderings with a 
Gaussian broadening of ~ 4 cm-1. 
 
FIG. 6. (Color online)  Second order spin-phonon coupling in different magnetic states, (a, b) FM/NM-
AFM states with Fe2-Al2 anti-site disorder respectively. And (c, d) FM/NM - AFM states with Fe1-Al2 
anti-site disorder respectively.   
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